We compared the antioxidative activities of polyphenol metabolites with those of intact functional polyphenols by an assay of the oxygen radical absorbance capacity (ORAC). The metabolites of ellagitannin geraniin, chlorogenic acid, and (À)-epigallocatechin gallate displayed more potent antioxidative activity than their respective original compounds. Our findings suggest that these metabolites may play important roles as biological antioxidants after their consumption.
Polyphenols are present in many vegetables, fruits, such beverages as tea, wine and coffee, 1, 2) and medicinal plants. 3, 4) Various biological studies on polyphenols have demonstrated antioxidative, antiviral, antimutagenic, antimicrobial, and antitumorial activities, suggesting that the consumption of dietary polyphenols would contribute to preventing cardiovascular and neurodegenerative diseases, stroke, cancer, and diabetes. [4] [5] [6] [7] [8] A reduction of disease risk has been attributed to the antioxidants that are present in foods and can scavenge free radicals, thereby reducing oxidative damage. 7, 9) However, not all polyphenols may be absorbed with equal biological efficacy. Most polyphenols, being glycosides, esters, or polymers in plants, may be not absorbed in the intestinal tract because they are hydrolyzed or reduced by gut microflora before such absorption. For example, condensed tannins, which are proanthocyanidin polymers, are degraded into various low-molecular-weight phenolic acids by gut microflora after consuming such proanthocyanidin-rich foods as cocoa, grape seed extracts, and red wine. [9] [10] [11] We have reported the identification of 7 ellagitannin metabolites from rat biofluids after ingesting pure ellagitannin geraniin. 12) Several hydroxycinnamic and hydroxybenzoic acids are produced as metabolites of chlorogenic acid, the main polyphenolic component in many fruits and beverages, by gut microflora or metabolic enzymes in humans or animals. 13, 14) The metabolites of such types of polyphenols as flavonoids, catechins, and anthocyanins have also been reported. 1, 2, 9, 11, [15] [16] [17] Determining the bioavailability of polyphenols is important when evaluating their biological properties in target tissues. The antioxidative capacity of the body increases after ingesting various polyphenol-rich foods, 18) implying that some polyphenol metabolites may retain antioxidative activity. However, the biological effects of polyphenol metabolites are not fully understood due to the lack of their identification and commercial availability. In order to assess the biological and antioxidative activity of polyphenol metabolites, we compared the antioxidative properties of dietary polyphenols with those of their metabolites from our compound libraries by an assay of the oxygen radical absorbance capacity (ORAC) that has the advantage of utilizing free radical generators which produce the biologically relevant peroxyl radical. 19) The ORAC assay was performed according to the method reported by Wu et al. 20) with a slight modification. 2,2 0 -Azobis(2-amidinopropane)dihydrochloride (AAPH) (Wako Pure Chemical Industries, Osaka, Japan) was used as a peroxyl radical generator, and fluorescein (Sigma-Aldrich, St. Louis, MO, USA) and 6-hydroxy-2,3,7,8-tetramethylchroman-2-carboxylic acids (Trolox; Calbiochem, San Diego, CA, USA) were respectively used as a fluorescent probe 21) and a standard. A test sample (10 mg) was directly dissolved in 10 mL of an acetone/water/acetic acid mixture (70:29.5:0.5, v/v/v) and then diluted with a 75 mM Na 2 HPO 4 -NaH 2 PO 4 phosphate buffer (pH 7.0) for subsequent analysis. Fluorescein (94.4 nM) and Trolox were prepared in a phosphate buffer. The sample, a blank (phosphate buffer), or a Trolox solution (20 mL; 50, 25, 12.5 and 6.25 mM) was added to the wells of a 96-well plate. After adding 200 mL of fluorescein to each well, the plate was preincubated for 10 sec at 37 C. AAPH (75 mL; 31.7 mM) in a phosphate buffer solution at 37 C was then added. The fluorescence was recorded every 2 min for 90 min at respective excitation and emission wavelengths of 485 and 528 nm, using a Powerscan HT instrument (DS Pharma Biomedical, Osaka, Japan). The area under the y To whom correspondence should be addressed. Fax: +81-86-251-7937; E-mail: hito@cc.okayama-u.ac.jp Biosci. Biotechnol. Biochem., 76 (2), [395] [396] [397] [398] [399] 2012 Note curve (AUC) was calculated as
, where f 0 is the initial fluorescence intensity at 0 min and f n is the fluorescence intensity at n min. Final ORAC values were calculated by using a quadratic regression equation (y ¼ ax 2 þ bx þ c) between the Trolox or sample concentration and net AUC of the fluorescence. Data are expressed as the mean AE SD of 3 separate experiments. A statistical analysis was performed by using Dunnett's test for multiple comparisons, and the distribution at the levels of 1% (p < 0:01) and 5% (p < 0:05) are considered as significant (Excel statistics version 5.0; Esumi Co., Ltd., Tokyo, Japan).
The intact ellagitannins, geraniin and corilagin, 22) with respective ORAC values of 3.8 and 4.5 mol-Trolox equivalent (TE)/mol, were more potent than the ellagitannin hydrolysates or metabolites, gallic acid, ellagic acid, brevifolin, brevifolincarboxylic acid, 22 ) and 4-O-methylgallic acid, 17) with ORAC values in the range of 1.4-3.3 mol-TE/mol. However, the ellagitannin metabolites derived from ellagic acid, M1-M4, 12) showed more significant antioxidativet activities than those of an intact ellagitannin such as geraniin. Among these metabolites, M1 displayed the most potent antioxidative activity, with an ORAC value of 7.0 mol-TE/mol. Ellagitannin metabolites M1-M4 have been excreted in urine as the major urinary metabolites after geraniin ingestion by rats.
12) Furthermore, we have recently reported that the M1 (urolithin A) plasma level reached 3.9 mM 1 h after ingesting M1 by mice, and the plasma ORAC score increased to 142% 1 h after administration when compared to that of control plasma samples obtained before administration. 23) These findings suggest that, after the consumption of ellagitannins, the major metabolites may act as biological antioxidants to prevent such oxidative stress-related diseases as cardiovascular malfunctions and cancer. On the other hand, although the absorption of such low-molecular-weight condensed tannins as trimeric and tetrameric proanthocyanidins has been reported, 24) the larger molecules were transformed into several low-molecular-weight phenolic acids such as hydroxylated benzoic, acetic, and propionic acids by gut microflora. 10) We measured the ORAC values of seven benzoic, three phenylacetic, and two phenylpropionic acids as condensed tannin metabolites and compared them with the ORAC values of the proanthocyanidin undecamer. 25) Most of the metabolites displayed activities with ORAC values in the range 1.3-3.8 mol-TE/mol. However, one of the metabolites, 3,4-dihydroxyphenylacetic acid, and the proanthocyanidin polymer showed marked activities, with respective ORAC values of 7.3 and 10.0 mol-TE/mol. This suggests that 3,4-dihydroxyphenylacetic acid may play an important role as a biological antioxidant after the consumption of procyanidin-rich beverages or foods. The proanthocyanidin polymer, though, might not behave as a biological antioxidant in the body, because it is not readily absorbed in the digestive tract.
Chlorogenic acid, the main polyphenolic component in many fruits and beverages, possesses antioxidat activities associated with free radical-scavenging ability, inhibitory effects on lipid hyperoxidation, and antitumorial activity. 26) Several hydroxycinnamic and hydroxybenzoic acids are produced as metabolites of chlorogenic acid by gut microflora or metabolic enzymes in humans and animals. 13, 14) The ORAC levels of chloro- Data are expressed as the mean AE SD from 3 individual experiments. A statistical analysis was performed by using Dunnett's test. a The mean value was significantly different from that of geraniin, p < 0:05.
b The mean value was significantly different from that of geraniin, p < 0:01. c The mean value was significantly different from that of M1, p < 0:01.
d The mean value was significantly different from that of chlorogenic acid, p < 0:01.
e The mean value was significantly different from that of (À)-epigallocatechin gallate, p < 0:01. f The mean value was significantly different from that of kaempferol, p < 0:01. genic acid and two metabolites, caffeic and 4-coumaric acids, were comparable to that of corilagin. Among the tested metabolites, dihydrocaffeic acid exhibited potent activity, with an ORAC level of 6.1 mol-TE/mol. Since chlorogenic acid and its metabolites, caffeic and 3-coumaric acids, are absorbed and excreted in human urine after coffee consumption, 17) chlorogenic acid and its metabolites may function as biological antioxidants after coffee consumption.
(þ)-Catechin and (À)-epicatechin, which are widely distributed in fruits and vegetables, are known as natural antioxidants. Galloylated catechins, including (À)-epigallocatechin gallate, which are exclusively found in green tea, have been reported to have such bioregulatory functions as antioxidative, 27) anti-carcinogenic, 28) antimetastatic, 29) and anti-hypertensive 30) activities. Catechins are transformed into O-methylated derivatives by catechol-O-methyltransferase in the liver or kidney, 2) because the molecules possess a catechol unit. We compared the ORAC levels of (þ)-catechin, (À)-epicatechin, and (À)-epigallocatechin gallate with those of their respective monomethylates. The ORAC score of (À)-epigallocatechin gallate 31) was similar to that of chlorogenic acid, whereas the ORAC level of its metabolite, (À)-epigallocatechin 3-O-(3 00 -O-methyl)-gallate, which has also been found in Camellia sinensis L. cv. Benihomare 32) and cv. Benifuuki, 33) was only 1.5 times stronger than that of the original (À)-epigallocatechin gallate. On the other hand, (þ)-catechin and (À)-epicatechin both showed remarkable antioxidative capacity, with ORAC levels of 9.0 and 10.0 mol-TE/mol, comparable to that of the proanthocyanidin polymer. The AAPH radical-scavenging activities of all 3 0 -and 4 0 -O-methyl-(þ)-catechins and of 3 0 -and 4 0 -O-methyl-(À)-epicatechins, 34) with ORAC values in the range 5.7-6.5 mol-TE/mol, were less than those of the respective original catechins. These results are different from the relationship for ORAC levels between (À)-epigallocatechin gallate and its 3 00 -O-methylated metabolite. However, the ORAC levels of 3 0 -and 4 0 -O-methyl-(þ)-catechins and of 3 0 -and 4 0 -O-methyl-(À)-epicatechins showed greater potency than that of (À)-epigallocatechin gallate. Several studies have demonstrated that intact catechins and O-methylated metabolites were present in the plasma and recovered in the urine after an oral administration of catechins. 9) These findings imply that catechins and their O-methylated metabolites might play an important antioxidative role after consuming catechin-rich natural products.
Dietary flavonoids are the major source of antioxidants in our diet. Their various biological properties and bioavailability have been demonstrated in many studies. 1, 9, 11) We have assessed the antioxidative properties of five typical flavonoids, namely, kaempferol, quercetin, myricetin, isorhamnetin, and quercetin 3-O-glucuronide. 35) An increase in the number of hydroxyl groups in the B-ring of a flavonol is generally correlated with an increase in antioxidative activity. However, the ORAC level of kaempferol with 1 hydroxyl group in the B-ring of its flavonoid moiety was 1.5-fold higher than that of quercetin and myricetin with 2 and 3 hydroxyl groups in their respective B-rings. Furthermore, the ORAC score of isorhamnetin, a methylated metabolite of quercetin, was comparable to that of quercetin. Although the antioxidative capacity was not clearly related to the number of hydroxyl groups in this study, further investigation is necessary to clarify the structureantioxidative activity relationship. We also compared the ORAC level of quercetin with that of its 3-Oglucuronide, because conjugates of flavonoids with glucuronic acid are present in the circulation system after the ingestion of flavonoid-rich foods or beverages. 9) The AAPH radical-scavenging effect of quercetin glucuronide was the same as that of quercetin. Some data have been reported about the biological activities of conjugates. Conjugates of quercetin and isoflavones have retained their antioxidative activities in the plasma. [36] [37] [38] Our result supports the notion that quercetin glucuronide demonstrates antioxidative activity in the circulation system.
We have systematically investigated the antioxidative properties of functional polyphenols and their metabolites in this study by an ORAC assay. The assay showed that the antioxidative capacity of the metabolites of ellagitannin geraniin, chlorogenic acid, and (À)-epigallocatechin gallate was more significant than the antioxidative capacity of the respective intact polyphenols. Our findings suggest that these metabolites may play important roles in the prevention of diseases attributed to oxidative stress by acting as biological antioxidants after the consumption of functional polyphenols. A further in vivo investigation into the biological properties of dietary polyphenols, including the bioavailability of functional polyphenols, is necessary to characterize the active principles that underlie such biological activities as their antioxidative and chemopreventive effects.
